Introduction {#ss1}
============

Glycation of various proteins increases in diabetic patients compared with non‐diabetic subjects, and some of these glycated proteins might take part in the onset and progression of chronic diabetic complications[^1^](#b1){ref-type="ref"}. Of the glycated proteins, glycated hemoglobin (A1C) is used clinically as an indicator for chronic control of plasma glucose levels[^2,3^](#b2 b3){ref-type="ref"}. It is recommended that A1C should be less than 7.0%, based on the result of the Diabetes Control and Complications Trial (DCCT), in order to prevent the onset and progression of chronic diabetic complications[^4^](#b4){ref-type="ref"}. As the lifespan of erythrocytes is approximately 120 days, A1C reflects plasma glucose levels for the past 2--3 months. Therefore, approximately 2--3 months are needed for judging whether or not A1C reaches target‐to‐treat levels after starting treatment for diabetes. A1C does not acutely reflect glycemic control state at early‐phase starting treatment for diabetes, because A1C changes slowly. Therefore, according to the American Diabetes Association (ADA) guideline, the therapeutic effect should be judged using A1C 3 months after initiating treatment for diabetes[^5^](#b5){ref-type="ref"}.

Glycated albumin (GA) is also used as a glycemic control indicator[^6^](#b6){ref-type="ref"}. As the half‐life of serum albumin is approximately 14 days, GA reflects shorter‐term (approximately 2 weeks) control of plasma glucose levels[^7^](#b7){ref-type="ref"}. GA is assumed to change approximately three times larger compared with A1C, because albumin is more sensitively glycated than hemoglobin[^8^](#b8){ref-type="ref"}. Thus, GA is thought to be a useful glycemic control index for the early period after starting treatment for diabetes[^9^](#b9){ref-type="ref"}. GA has also been shown to be a suitable indicator in diabetic patients on insulin therapy who have large glycemic fluctuations[^10,11^](#b10 b11){ref-type="ref"}, and in patients with a shortened lifespan of erythrocytes (e.g. anemia and hemodialysis)[^12,13^](#b12 b13){ref-type="ref"}.

When glycemic control state changes, A1C and GA levels change in accordance with the half‐lives of erythrocytes and serum albumin, respectively, and thus it is possible to predict near‐future A1C and GA values based on A1C and GA levels before and after the start of treatment for diabetes. In addition, because the amount of the decrease in A1C and GA levels differs depending on their half‐lives, comparison of the half‐lives should enable mathematical predictions of the changes in A1C from those in GA. In the present study, we aimed to clarify whether it is possible to predict subsequent A1C values using GA levels at two points -- before and after the start of treatment -- in patients with type 2 diabetes mellitus. It will be beneficial in clinical practice if future A1C values after the start of treatment for diabetes can be predicted at an earlier stage.

Materials and Methods {#ss2}
=====================

Models and Theoretical Analysis {#ss3}
-------------------------------

### Calculation of Predicted GA Value {#ss4}

Shi *et al.*[^14^](#b14){ref-type="ref"}, assuming that glycated protein synthesis occurs irreversibly, showed that, when plasma glucose levels are improved by treatment for diabetes, GA levels change exponentially and the estimated value using that function is nearly the same as the measured value. Using this function, Tahara and Shima[^7^](#b7){ref-type="ref"} reported that changes in GA levels in diabetic patients and theoretically estimated changes in response to ramp and stepwise changes in plasma glucose levels corresponded well. Using this relationship, we attempted to predict the near‐future GA levels based on measuring GA at two points, before (first visit) and after (second visit) the beginning of treatment. Taking GA levels at *t*~0~ days before the start of treatment, those at *t* days after the start of treatment, and when sufficient time passes after the start of treatment (target‐to‐treat levels) to be GA(*t*~0~), GA(*t*) and GA(*t*~∞~), respectively, the rate of decrease in the GA value after the start of treatment is shown as \[GA(*t*) − GA(*t*~∞~)\]/\[GA(*t*~0~) − GA(*t*~∞~)\]. Assuming that the decreasing rate of GA changes exponentially with respect to time *t*, the relationship in [Eqn 1](#m1){ref-type="disp-formula"} is obtained.

where a and b are constants.

Since 0 = b when t = 0 in [Eqn 1](#m1){ref-type="disp-formula"}, b = 0.

When plasma glucose changes in a stepwise fashion, since the number of days in which the rate of decrease in GA becomes one‐half, is taken into be t(GA~1/2~), then a = −log2/t(GA~1/2~) since log 1/2 = a × t(GA~1/2~).

Taking the proportion between plasma glucose changes in a stepwise fashion and when the change in plasma glucose levels during treatment for diabetes occurs rapidly as *k*, [Eqn 2](#m2){ref-type="disp-formula"} is obtained from [Eqn 1](#m1){ref-type="disp-formula"}.

Solving this equation for GA(*t*), [Eqn 3](#m3){ref-type="disp-formula"} is obtained.

### Calculating *t*(GA~1/2~) and *t*(A1C~1/2~) When Plasma Glucose Changes Rapidly {#ss5}

Similarly for A1C, the half‐life is defined as *t*(A1C~1/2~), and when plasma glucose changes dramatically and A1C is assumed to change similarly to GA, *t*(GA~1/2~) and *t*(A1C~1/2~) can be calculated using the respective equations below.

Recently, Takahashi *et al.*[^9^](#b9){ref-type="ref"} observed the longitudinal changes in GA and A1C with intensive conventional insulin therapy in diabetic patients with poor glycemic control, but when the half‐lives were calculated using their data, *t*(GA~1/2~) and *t*(A1C~1/2~) were 17.0 and 44.0 days, respectively. GA(*t*~∞~) = 15.0% and A1C(*t*~∞~) = 5.4% were used for the GA and A1C values that were the target to treat values for decrease with treatment. These values were set for the following reasons: the median of the reference values of A1C (4.7--6.2%) was 5.4% (5.0% in terms of Japan Diabetes Society \[JDS\] value) and GA is known to be approximately three times A1C (JDS). From this result, the ratio of the half‐lives of A1C and GA \[*t*(A1C~1/2~)/*t*(GA~1/2~)\] was 44.0/17.0 = 2.6.

### Calculation of Predicted A1C and GA Levels {#ss6}

Next, a formula to predict the A1C levels using the GA levels was developed using the aforementioned ratio of *t*(GA~1/2~) and *t*(A1C~1/2~). Here, *k* during actual treatment can be shown as in [Eqn 5](#m5){ref-type="disp-formula"} using the GA value at *t*~0~ before the start of treatment and *t*~1~ after the start of treatment using [Eqn 4](#m4){ref-type="disp-formula"}.

Accordingly, GA levels on day *t*~2~ after the start of treatment (third visit) are shown as in [Eqn 7](#m7){ref-type="disp-formula"} using [Eqns 3 and 6](#m3 m6){ref-type="disp-formula"}.

Similarly, A1C can be shown in [Eqns 8 and 9](#m8 m9){ref-type="disp-formula"}.

\[Correction to [Eqn (8](#m8){ref-type="disp-formula"}) first line, after online publication 29 July 2011: "10^A^" is changed to "10^B^".\]

Patients {#ss7}
--------

The present study included patients with type 2 diabetes mellitus whose A1C levels were 8.4% or more ([Table 1](#t1){ref-type="table-wrap"}). Patients with liver disease, kidney disease or anemia were excluded. The treatment for diabetes was initiated in 46 patients who had not been treated, whereas the treatments were altered for the other eight patients who had been already been given some diabetes treatments. Before (first visit) and 14--28 days (second visit) and 35--49 days (third visit) after the start or the alteration of diabetes treatment, GA and A1C were measured.

######  Clinical characteristics of the study patients

  ------------------------------------------ -----------------------------------------------------------
  *n*                                        54
  Male/female                                33/21
  Age (years)                                60.5 ± 14.2
  Inpatients/outpatients                     34/20
  A1C (%)                                    11.3 ± 2.1
  GA (%)                                     34.0 ± 9.1
  Treatment at first visit                   No treatment, 46; Oral hypoglycemic agents, 7; Insulin, 1
  First visit‐second visit interval (days)   19.8 ± 5.7
  Second visit‐third visit interval (days)   27.1 ± 5
  ------------------------------------------ -----------------------------------------------------------

Data are means ± SD or number. A1C, glycated hemoglobin; GA, glycated albumin.

The study patients were divided into four groups based on diabetes treatments during the course of study ([Table 2](#t2){ref-type="table-wrap"}): group 1, starting diet therapy alone (*n* = 5); group 2, starting oral hypoglycemic agents (OHA) or increasing the dose of OHA (*n* = 17); group 3, starting insulin or increasing the dose of insulin (*n *= 17); and group 4, starting insulin followed by OHA alone (*n* = 15). Sex and age of the patients for each group are shown in [Table 2](#t2){ref-type="table-wrap"}.

######  Predicted and measured glycated hemoglobin and glycated albumin levels at the first and the third visits in groups divided according to diabetes treatments

  Diabetes treatment                 Group 1       Group 2      Group 3       Group 4
  ---------------------------------- ------------- ------------ ------------- -------------
  *n* (Male/female)                   5 (3/2)      17 (5/12)    17 (8/9)      15 (12/3)
  Age (years)                        58.0 ± 15.2   64.4 ± 8.7   55.8 ± 18.5   62.1 ± 12.8
  Measured A1C at first visit (%)    9.8 ± 1.9     10.7 ± 1.7   11.9 ± 2.0    11.8 ± 2.5
  Measured GA at first visit (%)     26.2 ± 4.6    30.3 ± 7.1   36.6 ± 8.4    37.6 ± 10.5
  Measured A1C at third visit (%)    7.9 ± 0.9     8.7 ± 0.9    8.8 ± 1.0     8.4 ± 1.3
  Measured GA at third visit (%)     18.6 ± 1.4    20.3 ± 2.4   19.6 ± 3.2    18.7 ± 3.3
  Predicted A1C at third visit (%)   8.1 ± 1.4     8.8 ± 1.1    8.6 ± 1.1     8.3 ± 1.5
  Predicted GA at third visit (%)    18.2 ± 2.6    20.0 ± 2.8   18.7 ± 2.3    17.9 ± 2.7
  Measured/predicted A1C (%)†        98 ± 8        98 ± 8       103 ± 10      102 ± 9
  Measured/predicted GA (%)†         100 ± 10      101 ± 8      105 ± 16      104 ± 11

Data are means ± SD. †Values at the third visit. A1C, glycated hemoglobin; GA, glycated albumin; OHA, oral hypoglycemic agent.

Predicted GA and A1C levels at the third visit were calculated using the aforementioned equations from the respective changes in GA and A1C levels before the start of treatment and 2--4 weeks after the start of treatment (second visit), and the correlations between these predictions and the measured values were investigated. GA(*t*~∞~) = 15.0% and A1C(*t*~∞~) = 5.4% were used for the target to treat levels.

The institutional committee approved the protocol of the present study, and all participants gave their written informed consent.

Laboratory Methods {#ss8}
------------------

Plasma glucose was determined by the glucose oxidase method. A1C was measured with ADAMS‐A1c HA‐8160 (Arkray, Kyoto, Japan) by HPLC with calibration using Japan Diabetes Society lot 3[^15^](#b15){ref-type="ref"}. The value for A1C (%) is estimated as a National Glycohemoglobin Standardization Program (NGSP) equivalent value (%) calculated by the formula A1C (%) = A1C (JDS) (%) + 0.4%, considering the relational expression of A1C (JDS) (%) measured by the previous Japanese standard substance and measurement methods, and A1C (NGSP)[^16^](#b16){ref-type="ref"}. Serum GA was determined by Hitachi 7600 autoanalyzer (Hitachi Instruments Service, Tokyo, Japan) by the enzymatic method using albumin‐specific proteinase, ketoamine oxidase and albumin assay reagent (Lucica GA‐L; Asahi Kasei Pharma Co., Tokyo, Japan)[^17,18^](#b17 b18){ref-type="ref"}.

Statistical Analysis {#ss9}
--------------------

All data are shown as means ± SD. To evaluate relationships between predicted and measured values, single linear univariate regression analyses were carried out. StatView for Windows version 5.0 software (Abacus Concepts, Berkeley, CA, USA) was used for all statistical analyses. Values of *P* \< 0.05 were considered statistically significant.

Results {#ss10}
=======

The A1C and GA levels before the beginning of the treatment (first visit) were 11.3 ± 2.1% and 34.0 ± 9.1% in the study patients, and decreased to 8.6 ± 1.2 and 19.4 ±2.9% at the third visit, respectively (ΔA1C; −2.7 ± 1.5%, ΔGA; −15.6 ± 8.3%; the mean time after beginning treatment was 46.9 days). The predicted GA levels at the third visit calculated by [Eqn 7](#m7){ref-type="disp-formula"} from GA levels at the first and the second visits (the mean time after beginning treatment was 19.8 days) was 18.9 ± 2.6%. Thus, the predicted GA and the measured GA showed similar levels. A strong and positive correlation (*R* = 0.669. *P* \< 0.0001) was observed between the predicted GA and the measured GA levels ([Figure 1a](#f1){ref-type="fig"}). Furthermore, the measured A1C levels at the third visit were 8.6 ± 1.1%, and corresponded well with the predicted A1C levels (8.5 ± 1.2%). A strong and positive correlation (*R* = 0.795. *P* \< 0.0001) was observed between the predicted A1C and the measured A1C levels ([Figure 1b](#f1){ref-type="fig"}). [Table 2](#t2){ref-type="table-wrap"} shows measured A1C and GA levels at the first and the third visits, as well as their predicted levels at the third visit, in groups divided according to diabetes treatments. In every patient group, both the ratio of GA to the predicted GA and the ratio of A1C to the predicted A1C were approximately 100%, showing that the predicted A1C and GA levels were similar to their measured levels ([Table 2](#t2){ref-type="table-wrap"}).

![ Correlations between (a) predicted and measured glycated albumin (GA), and (b) predicted and measured glycated hemoglobin (A1C) at the third visit. Using the equations with GA and A1C before the start of treatment (first visit), and GA and A1C at the time of the second outpatient visit (second visit), the predicted GA and A1C values at the third visit were calculated, and their correlations with the measured GA and A1C values were investigated. The broken line corresponds to *y* = *x*.](jdi-2-304-g1){#f1}

A typical case of predicted GA and A1C levels at 14 weeks after diabetes treatment is shown in [Figure 2](#f2){ref-type="fig"}. The patient was a 77‐year‐old man who had not obtained sufficient glycemic control with sulfonylurea (glimepiride 4 mg/day) and he started to be given insulin treatment (biphasic insulin aspart 30/70; final dose 24 U/day). After inpatient treatment for 2 weeks, the treatment was continued on an outpatient basis and a state of good glycemic control was obtained. In this case, both GA and A1C levels predicted by [Eqns 7 and 9](#m7 m9){ref-type="disp-formula"} using the GA value 15 days after the start of insulin treatment were very close to the measured values 4--14 weeks after the treatment.

![ Relationships between predicted and measured (a) glycated albumin (GA) and (b) glycated hemoglobin (A1C) values (a patient in whom glycemic control worsened during sulfonylurea treatment and insulin was started in the hospital).](jdi-2-304-g2){#f2}

Discussion {#ss11}
==========

We attempted to predict near‐future GA and A1C levels using GA levels before and after the beginning of diabetes treatment. The predicted GA and A1C levels calculated by the equation developed and the measured values showed excellent positive correlations. Therefore, it was shown that GA and A1C levels in the near future could be predicted using GA levels before and after the beginning of treatment.

There have been numerous studies on the changes in A1C and GA after glycemic control has improved[^7,14,19--24^](#b7 b14 b19 b20 b21 b22 b23 b24){ref-type="ref"}, but there have been no attempts to accurately predict A1C based on changes in GA after the start of treatment. In the present study, based on the report of Shi *et al.* that when A1C or GA changes, the change occurs with an exponential function[^14^](#b14){ref-type="ref"}, we devised an understanding of various changes as the rate of change, with the initial value taken as 1 and the treatment target value as 0. We then made modifications so that various cases could be handled with the same formula. In addition, A1C levels could be predicted from the changes of GA levels at an earlier stage, because the exponential changes of A1C and GA are dependent on their half‐lives. The prediction of near‐future A1C by GA levels before and at an early stage after starting diabetes treatment in the present study is the first trial.

Using this formula, near‐future GA and A1C levels can be predicted. As a result, the efficacy of treatment can be understood early, and treatment plans can be developed at an early stage. In particular, it will be possible to change or add treatments at an early stage for patients in whom the treatment effect is insufficient. A1C shows the mean glycemic control status in the preceding 2--3 months, but using the prediction formula developed in the present study, the treatment effect after 2--4 weeks can make a prediction of A1C levels 1--2 months later. The prediction of A1C levels is suggested to be useful, especially when lowering plasma glucose levels quickly is needed, preoperative diabetes treatment is needed or outpatient insulin treatment is started.

The premise of the present study was that, with predictions of near‐future GA and A1C levels, the same glycemic control condition could be maintained after treatment. When glycemic control status worsens in cases, for example, when diet therapy cannot be maintained, the patient decides to stop taking diabetes treatment drugs or complications with infection occur, the measured levels will obviously become higher than the predicted levels. In other words, when there is divergence between the measured and predicted levels, it can be assumed that a situation affecting glycemic control status, such as those aforementioned, exists. In addition, when gastrointestinal tract bleeding or other problems occur, the predicted A1C levels will diverge higher from the measured levels.

Considering all of the aforementioned, the formula for predicted A1C and GA levels using GA levels before and after the beginning of treatment is thought to be highly effective for determining the treatment effect at an early stage in clinical practice. The present study comprised patients with type 2 diabetes mellitus whose glycemic control were improved after initiating diabetes treatment. Thus, it should be investigated in future whether this formula is also applicable for patients without improvement of glycemic control.

Recently, the value of self‐monitored blood glucose (SMBG) is increasingly being emphasized according to the widespread usage of various insulin regimens. The evaluation of glycemic control by SMBG, instead of A1C and GA, might be widely distributed in future.

When *t* is made infinite (∞) in the prediction formula proposed in the present study, A1C and GA converge to 5.4 and 15.0%, respectively. Therefore, the error becomes larger for estimates for a time fairly far in the future, and might result in divergence from the measured value. High accuracy can be obtained for the predicted GA and A1C levels until approximately 3--4 months after the start of treatment. In addition, the extent of maximal decrease of A1C differs among diabetes drugs used. Therefore, as it is thought that A1C(∞) and GA(∞) differ with each drug, in future studies it will be necessary to establish A1C(∞) and GA(∞) for each drug and develop individual prediction equations.
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